Pulsed laser ablation in a liquid phase was employed successfully to synthesize a calcium molybdate (CaMoO 4 ) nanocolloidal suspension. The crystalline phase, particle morphology, particle size distribution, absorbance, optical band-gap and photoluminescence (PL) were examined. Stable colloidal suspensions consisting of well-dispersed CaMoO 4 nanoparticles with a narrow size distribution could be obtained without a surfactant. The optical absorption edge located near 270 nm was blue-shifted by approximately 70 nm compared to that reported for bulk crystals. The estimated optical energy band-gap was 4.7 eV and the PL spectrum was blue-shifted at approximately 430 nm compared to the emission of bulk CaMoO 4 target (525 nm). The observed band-gap widening and blue-shift of PL emission was attributed to the quantum-size effect due to the very small size of the CaMoO 4 nanoparticles prepared by pulsed laser ablation in deionized water.
Introduction
Calcium molybdate (CaMoO 4 , powellite) is an important material among metal molybdate families that have a high application potential in a range of fields, such as in photoluminescence and microwave application. 1, 2) Metal molybdates with relatively large bivalent cations (MMoO 4 , ionic radius > 0.099 nm, M ¼ Ca, Ba, Sr, Pb) exist in a socalled scheelite structure (scheelite = CaWO 4 ), where the molybdenum atom adopts a tetrahedral coordination.
3) A range of methods have been used to synthesize CaMoO 4 , including the Czochralski method, 1) coprecipitation method, 4) combustion method 5) and solid-state reaction method. 3) However, CaMoO 4 particles prepared by these processes are relatively large with an irregular morphology, and inhomogeneous compounds might be formed easily because MoO 3 has a tendency to vaporize at high temperatures. 6) This paper reports a new synthetic approach, pulsed laser ablation (PLA) from a CaMoO 4 ceramic target in a deionized water, to produce highly-dispersed CaMoO 4 nanoparticles directly without any surfactant. Pulsed laser ablation in liquids has attracted considerable attention as a new technique for preparing nanoparticles since Henglein, Cotton and their co-workers first developed this synthesis strategy. 7, 8) The remarkable advantage of laser ablation method over chemical synthesis is the simplicity of the preparation procedure. Laser ablation in liquids is applicable to the preparation of nanoparticles of not only noble metals [9] [10] [11] but also compound materials. For example, laser ablation of TiO 2 , 12) ZnSe 13) and GaAs 14) in a range of solvents produced nanoparticles of these materials. In this study, CaMoO 4 nanoparticles were prepared for the first time by pulsed laser ablation in deionized water. The crystallization, particle morphology, particle size distribution and optical properties were analyzed.
Experimental
The starting CaMoO 4 powder was synthesized via a citrate complex route. 15) A target was prepared by compressing the CaMoO 4 powder under a uniaxial pressure of 300 MPa followed by sintering at 900 C in air for 3 h. The prepared CaMoO 4 target was white in color and XRD showed that the target had a single phase, which is consistent with the reported value. Initially, the target was washed sequentially with ethanol and deionized water assisted by ultrasonic radiation to remove the organic contamination. The cleaned target was immersed in 50 mL of deionized water. The target was irradiated in the deionized water by the fourth harmonic (266 nm) of a Nd:YAG pulse laser (Quentel, France) with a repetition rate of 10 Hz, pulse width of 7 ns and a maximum output of 100 mJ/pulse. The laser beam was focused on the target with a beam size of approximately 1 mm in diameter using a lens with a focal length of 250 mm. The depth of the target immersed into the deionized water was 10 mm. Colloidal suspensions of the CaMoO 4 nanoparticles were obtained by laser ablation for 2 h at room temperature. Figure 1 (a) shows a schematic diagram of laser ablation process and Fig. 1(b) gives an experimental view of the CaMoO 4 target during laser ablation in deionized water. To avoid the formation of deep holes in the target, the glass cell was displaced under the laser beam using a computer driven X-Y stage with a laser scanning velocity of a 0.5 mm/s and a 70%-80% overlap of the laser spot between consecutive shots. The suspension was dropped onto a carbon-coated copper grid for observations by transmission electron microscopy (TEM, JEOL, JEM-2010, 200 kV, Japan) and high resolution transmission electron microscopy (HR-TEM, JEOL, JEM-4010, 400 kV, Japan). The size distribution of the nanoparticles was analyzed statistically by randomly measuring the particle diameters of 100 nanoparticles in on the obtained TEM image. The precipitate of the product was centrifuged repeatedly at 25000 rpm for 30 min using an * Corresponding author, E-mail: drdwkim@dku.edu ultracentrifuge (Supra 25K, Hanil Sci. & Ind. Co., Korea). X-ray diffraction (XRD, CuK , 40 kV, 30 mA, Rigaku, Japan) was performed on the precipitate dried on a glass substrate. The optical absorption properties of the CaMoO 4 nanoparticle-dispersed suspension was evaluated using a UV-Vis spectrophotometer (Optizen 2120 UV, Mecasys, Korea). The photoluminescent (PL) spectrum was recorded using a luminescence spectrometer (PerkinElmer LS45, USA) at room temperature. Figure 2 shows the XRD pattern of the CaMoO 4 nanoparticles collected from CaMoO 4 colloidal suspension prepared by pulsed laser ablation in deionized water. The Bragg reflection peaks of the nanoparticles collected from the colloidal suspension corresponded to the powellite structure of CaMoO 4 (JCPDS Cards 29-0351) without any peaks assigned to either Ca, CaO, CaCO 3 , Mo or MoO 3 phases. The broad reflection peaks in Fig. 1 indicate the formation of very small nanoparticles. 16) The particle morphology, size, distribution and crystallinity were investigated by TEM, as shown in Fig. 3(a) . Most of the nanoparticles had a spherical and homogeneous morphology with a uniform diameter of 2030 nm. Selected area electron diffraction (SAED) patterns show that the CaMoO 4 nanoparticles were crystalline with bright polycrystalline diffraction rings (inset of Fig. 3(a) ). The lattice spacing obtained from the diffraction rings agree well with those of the powellite CaMoO 4 . Typical histogram of particle size distribution is also shown the inset of Fig. 3(a) . The diameters of the nanoparticles ranged from 5 to 40 nm. During the measurement, no individual particle larger than 40 nm in size was observed. A Gaussian fit was applied to the size distribution (the solid line in Fig. 3(b) ). The Gaussian distribution revealed a mean nanoparticle size of 24 nm with a standard deviation of 3.5 nm. HR-TEM was performed to investigate the more detailed nanostructure of the CaMoO 4 particles. Figure 3(b) shows a low-magnification HR-TEM image of the prepared CaMoO 4 particle, 30 nm in diameter. HR-TEM revealed the CaMoO 4 particle to be composed of smaller nanocrystallites, 10 nm in diameter.
Results and Discussion
It was obvious that color of colloidal suspension was changed within the process. During the laser ablation in deionized water, prepared colloid became opaque, and finally it tended to pale grayish color after ablation for 1 h. The mass of CaMoO 4 nanoparticles was 13.2 mg. The inset of Fig. 4(a) shows the optical absorption spectra of the CaMoO 4 nanoparticle-dispersed colloid. The sharp spectrum with high absorbance in the UV region indicates the formation of a stable colloidal suspension. The absorption spectrum of CaMoO 4 colloidal suspension showed a typical absorption edge near 270 nm, which was blue-shifted by approximately 70 nm compared to the reported value (near 340 nm). 17, 18) The fundamental absorption was attributed to a chargetransfer transition in which an oxygen 2p electron moves into one of the empty molybdenum 4d orbitals. 19 ) CaMoO 4 has a direct band-gap of 3.41 eV in the À direction, which was calculated using the linearized-augmented-plane-wave technique.
19) The optical energy band-gap, E gap , for the CaMoO 4 nanoparticles was determined from the sharply increasing absorption region according to Tauc and Menth's law. 20) Figure 4 shows a plot of ðh#Þ 2 versus the photon energy (h#). In the high energy region of the absorption edge, ðh#Þ 2 varied linearly with h# and the straight line behavior in the high energy region was used as prime evidence for a direct band-gap. The estimated optical band-gap was 4.7 eV, which is approximately 1.3 eV higher than the reported theoretical band-gap energy. 19) Figure 4(b) presents the photoluminescence (PL) spectrum of the CaMoO 4 colloidal suspension. The PL spectrum was obtained at an excitation of 240 nm. Most PL studies of CaMoO 4 crystals at room temperature reported green emission near 530 nm for excitation between 240 and 280 nm. [21] [22] [23] Consistent with the widened optical band-gap estimated from the Tauc plot in Fig. 4(a) , the colloidal suspension exhibited a blue-shifted broad emission peak near 430 nm. For comparison, the inset of Fig. 4(b) shows the PL spectra of the bulk CaMoO 4 target and raw powders. The nanocrystalline CaMoO 4 raw powder 15) had an emission peak blue-shifted by approximately 4050 nm compared to the values reported for bulk crystals (near 530 nm). Moreover, the colloidal suspension prepared by pulsed laser ablation has a PL emission peak blue-shifted by approximately 95 nm compared to the bulk target at room temperature. This blue-shift in the PL spectrum of the colloidal suspension was attributed mainly to the very small nanocrystalline constituents, as shown in the HR-TEM image (Fig. 3(b) ).
The band-gap widening and blue-shift in the absorption edge was attributed mainly to the quantum-size effect due to the very small size of the CaMoO 4 nanoparticles prepared by pulsed laser ablation in deionized water. In the colloidal suspension, there are very small nanoparticles, grain boundaries and imperfections, as shown in TEM and HR-TEM, which lead to larger free carrier concentrations and the existence of potential barriers at the boundaries. Therefore, an electric field is formed, which leads to an increase in the band-gap. In addition, a weak red emission band was observed near 650 nm. The additional emission band can be interpreted by the existence of a Frenkel defects structure (oxygen ion shifted to the inter-site position with simultaneous creation of vacancy) in the surface layers of nanocrystallites 24) similar to what is observed in CaWO 4 . 
Conclusions
CaMoO 4 nanoparticles were synthesized using pulsed laser ablation in deionized water without a surfactant. The obtained CaMoO 4 nanoparticles had a spherical and highlydispersed morphology. The absorption spectrum and PL emission of the CaMoO 4 colloidal suspension showed a strong blue-shift. The estimated optical band-gap of the CaMoO 4 nanoparticles was 4.7 eV, which is approximately 1.3 eV wider than that theoretical band gap reported for a bulk crystal. These blue-shifts in the absorption edge, PL emission and band-gap widening were attributed to the quantum-size effect due to the very small size of the prepared CaMoO 4 nanoparticles. This is the first successful report of the room-temperature synthesis of nanocrystalline CaMoO 4 using pulsed laser ablation in a liquid phase. This method can also be applied to the synthesis of other metal molybdates nanoparticles or colloidal suspensions. Furthermore, the experimental evidence of a blue-shift in the absorption edge, photoluminescence and optical band-gap widening can be helpful in understanding the quantum-size effect on the band structure of these types of metal molybdates.
